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Summary 1
The PIWI-interacting RNA (piRNA) pathway preserves genomic integrity by 2 repressing transposable elements (TEs) in animal germ cells. Among PIWI-clade 3 proteins in Drosophila, Piwi transcriptionally silences its targets through interactions 4 with cofactors, including Panoramix (Panx) and forms heterochromatin characterized by 5
H3K9me3 and H1. Here, we identified Nxf2, a nuclear RNA export factor (NXF) 6 variant, as a protein that forms complexes with Piwi, Panx, and p15. Panx-Nxf2-p15 7 complex formation is necessary in the silencing by stabilizing protein levels of Nxf2 8 and Panx. Notably, ectopic targeting of Nxf2 initiates co-transcriptional repression of 9 the target reporter in a manner independent of H3K9me3 marks or H1. However, 10 continuous silencing requires HP1a and H1. In addition, Nxf2 directly interacts with 11 target TE transcripts in a Piwi-dependent manner. These findings suggest a model in 12 which the Nxf2-Panx-p15 complex enforces the association of Piwi with target 13 transcripts to trigger co-transcriptional repression, prior to heterochromatin formation in 14 the nuclear piRNA pathway. We further analysed the H3K9me3 levels in these corresponding regions. ChIP-seq 4 analysis of H3K9me3 marks at the euchromatic insertions of piRNA target TEs 5 revealed that the depletion of Nxf2 decreased the H3K9me3 levels at these loci, similar 6 to the case in Piwi or Panx depletion ( Figures 1E-G) . Notably, a severe decrease of 7
H3K9me3 marks was observed not only at the TE insertions but also at the regions 8 surrounding TE insertions ( Figure 1E ). The effect of Nxf2 or Panx depletion was 9 weaker than that of Piwi depleation, and the results of Nxf2 and Panx depletion highly 10 resembled each other, consistent with the effects on the expression levels of TEs 11 observed by RNA-seq ( Figures 1C and 1D ). The analysis focusing on the TE consensus 12 sequence confirmed that the effect on the H3K9me3 level was limited to the TEs 13 targeted by Piwi-piRNA complexes ( Figure 1G ). Furthermore, the depletion of Nxf2 in 14
OSCs did not affect the expression levels of piRNAs ( Figure 1H ), indicating that 15 piRNA biogenesis including piRNA precursor export to the cytoplasm occurs in the 16 absence of Nxf2. Together, these results indicate that Nxf2 is a key factor required for 17 transcriptional silencing in the Piwi-piRNA pathway. 18
19
Formation of Panx-Nxf2-p15 complex is essential for stabilization of Panx and 20
Nxf2 protein levels 21
To further characterize the Piwi-Panx-Nxf2 complex, we immunopurified flag-tagged 22
Nxf2 expressed in OSCs ( Figure S2A ), which was then subjected to shotgun proteome 23 analysis ( Figure S2B , Table S2 ). This analysis not only confirmed the presence of Panxnecessary for TE silencing. 1 2 Interestingly, depletion of p15 resulted in decreased levels of both Nxf2 and Panx 3 proteins ( Figure 2C ). Since the RNA levels of Nxf2 and Panx remained unchanged in 4 the p15-depleted samples ( Figure 2D ), p15 likely affects the stability of Nxf2 and Panx 5
proteins. The protein level of p15 was unaffected by Nxf2-KD, possibly because p15 6 can bind to the other NXF proteins once Nxf2 is depleted ( Figure 2C ). De-silencing of 7 the TEs and protein levels of Nxf2 and Panx could be rescued by expressing myc-p15 8 protein in p15-depleted OSCs ( Figure 2E and 2F). Thus, p15 is an essential partner 9 protein for Nxf2 to transcriptionally regulate Piwi-piRNA-targeted TEs, by stabilizing 10 protein levels of Panx and Nxf2. tethering of Piwi to the reporter failed to induce silencing ( Figures 3B and 3C) . 2018). Because we were able to demonstrate that Piwi, which is guided to the target 10 reporter via loaded piRNA, represses its targets ( Figure S3 ), it is likely that only 11 piRNA-guided Piwi is able to recruit silencing machinery to the target (see also Figure  12 
S7Q). 13 14
To rule out the possibility that λN-Nxf2 interferes with the splicing of the reporter 15 mRNA, we constructed a luc reporter with 10 boxB sites in the 3′ untranslated region 16 ( Figure S4C ). Tethering of Nxf2 to the reporter mRNA also led to silencing in a λN 17 peptide-dependent manner. To corroborate the results, we used an in vivo 18 RNA-tethering system in the Drosophila ovary (Sienski et al., 2015) . This assay builds 19 on the α-Tubulin promoter driving the ubiquitous expression of a GFP reporter, which 20 harbours five boxB sites in its 3′ untranslated region ( Figure S4D ). The expression ofeach other to ensure their stability ( Figure 2G and S2G) ; therefore, it is likely that 1 tethering of Panx results in the recruitment of Nxf2, and vice versa. These results 2 indicate that the Nxf2-Panx complex is sufficient to induce co-transcriptional silencing, 3 when targeted to nascent RNA. 4
5
To dissect the mechanism of the observed co-transcriptional gene silencing in the 6 tethering system in OSCs, we depleted the expression of genes known to be associated 7 with Panx ( Figure S1C ) and involved in piRNA-directed transcriptional gene silencing. Furthermore, we examined the roles of chromatin-related factors in co-transcriptional 14 silencing mediated by Piwi-piRNA complexes. Depletion of Eggless had no effect on 15 the silencing by λN-Nxf2 in the tethering system using OSCs ( Figures 3F and S4F) . In 16 addition to Eggless-KD, H1-KD and HP1-KD also had no impact on the silencing by 17
Piwi-piRNA and λN-Nxf2 in the reporter system based on plasmids ( Figures S3F and  18 S4G-J). While this result is consistent with a report of a study using a plasmid-based 19 reporter assay to detect Piwi-directed silencing in Drosophila ovary somatic sheet cells 20 (Clark et al., 2017), it is at odds with previous reports demonstrating that the 21 methyltransferase Eggless is required for Panx-mediated silencing using the tethering 22 system in the Drosophila ovary (Sienski et al., 2015; Yu et al., 2015) . These conflicting 23 results are probably due to the different expression systems of λN fusion proteins. λNfusion proteins are driven by MTD-Gal4 constitutively in the tethering system in the 1 ovary, whereas they are expressed transiently by DNA transfection in the tethering 2 system using OSCs. The tethering system in the ovary probably enables us to observe 3 late phases of a suppressed state of the reporter gene. In contrast, transient expression of 4 λN fusion proteins makes it possible to analyse the mechanism of transition from 5 initiation to the fully suppressed state of the reporter gene in our tethering system using 6
OSCs. The results of Eggless-KD upon tethering of λN-Nxf2 suggest that the Nxf2-7
Panx pair elicits co-transcriptional repression prior to heterochromatin formation on 8
TEs in the Piwi-piRNA pathway. 9
10

Nxf2 triggers co-transcriptional repression prior to heterochromatin formation 11
To elucidate the precise mechanism by which λN-Nxf2 represses the reporter gene 12 integrated in the genome, we examined the time course of silencing by λN-Nxf2, which 13 was expressed in OSCs by transient transfection of expression vector. The expression 14 level of λN-Nxf2 gradually decreased with a peak at 36 h post-transfection (hpt), and it 15 had dropped below the detection limit at 96 hpt ( Figure 4A ). The luciferase activity 16 reached its bottom at 48 hpt and remained suppressed at 96 hpt despite the absence of 17 λN-Nxf2. Consistent with these observations, the level of Pol II association with the 18 reporter gene decreased at 48 and 96 hpt ( Figure 4B ). Notably, no significant difference 19 was observed in the occupancies of H1 and H3K9me3 at 48 hpt, despite λN-Nxf2 20 repressed the reporter gene ( Figure 4A and 4C ). This can be interpreted to mean thatsuggesting that heterochromatin is formed at this time point on the reporter gene in the 1 absence of λN-Nxf2, leading to continued silencing. To verify the role of 2 heterochromatin formation in the gene silencing induced by λN-Nxf2, we knocked 3 down H1 or HP1a after expression of λN-Nxf2. The effects of H1-and HP1a-KD on the 4 λN-Nxf2-mediated silencing were negligible at 48 hpt ( Figure 4D ). To examine the 5 roles of H1 and HP1a in the λN-Nxf2-mediated silencing at the latter time point, we 6 determined luciferase activity at 96 hpt of the λN-Nxf2 expression vector followed by 7 H1-and HP1a-KD. The depletion of H1 or HP1a partially restored luciferase activities 8 upon tethering of λN-Nxf2 at 96 hpt ( Figure 4E ). These findings together suggest 9 that λN-Nxf2 may initiate co-transcriptional repression prior to heterochromatin 10 formation mediated by H1 and HP1a, which is required for maintaining the suppressed 11 state of the reporter gene in the latter stage of silencing when little or no λN-Nxf2 is 12 present. In other words, the silencing mode mediated by tethered Nxf2 may switch from 13
Nxf2-Panx-dependent to heterochromatin-dependent. 14 15
The first LRR region of Nxf2 harbors RNA binding activity and is necessary for 16
piRNA-mediated transcriptional silencing 17
To reveal the role of Nxf2 in the PPNP complex-mediated co-transcriptional silencing, 18
we characterized the regions of Panx and Nxf2 proteins necessary for their function. that express siRNA-resistant myc-Nxf2, since our Nxf2 antibody is not suitable for 23 immunoprecipitation. The expression level of myc-Nxf2 is slightly higher than that ofendogenous Nxf2, and Nxf2-siRNA specifically depletes endogenous Nxf2 (Figure  1 S6A). myc-Nxf2 forms a complex identified using antibody against endogenous Panx 2 ( Figure S1C ) and is capable of silencing mdg1 TEs (Figures S6B and S6C) . We 3 therefore used this stable line to analyze the RNA population targeted by Nxf2. 4
5
We generated CLIP libraries using RNA isolated from myc-Nxf2 or Piwi 6
immunoprecipitants. Immunoprecipitants were run on standard protein gels and 7 transferred to nitrocellulose membranes, and a region 50 kDa above the protein size was 8 biological replicates, and the reads were merged after checking the correlation of read 14 counts of annotated peaks ( Figure S6E ). We first performed CLIP assay of myc-Nxf2 15 protein in UV-crosslinked and non-UV-crosslinked samples, to examine whether RNA 16 associated with myc-Nxf2 could be captured by this assay. We observed a significant 17 decrease in the amount of CLIP tags obtained for piRNA-targeted TE transcripts when 18 CLIP was performed on non-UV-crosslinked samples ( Figure S6F ), indicating that we 19 can specifically capture target RNA by the myc-Nxf2 CLIP assay. 20 (EGFP) or Piwi knockdown. Endogenous Nxf2 was also depleted, in order to increase 23 the ratio of functioning myc-Nxf2. We first compared the enrichment of obtained CLIPtags to that of SMInput control, for the reads mapped in the sense or antisense direction 1 of TEs ( Figure 6A ). This revealed that there was some fraction of TEs with enrichment 2 of CLIP tags mapped in the sense direction, whereas this enrichment was not observed 3 for the reads mapped in the antisense direction ( Figure 6A ). Additionally, we plotted the 4
TEs targeted by Piwi-piRNA complexes, which showed that TEs with enriched CLIP 5 tags were the targets of piRNAs ( Figures 6A) . Notably, the specific enrichment of myc-6
Nxf2 CLIP tags on piRNA-targeted TEs was lost upon the knockdown of Piwi (Figures 7 6B and S6G, see also Figure 6D ), indicating that Piwi is required for Nxf2 to 8 specifically associate with piRNA-targeted transcripts. 9
10
To further investigate the relationship between RNA targeting of Nxf2 and Piwi, we 11 performed Piwi CLIP assay. As in the case of myc-Nxf2 CLIP, we observed the 12 specific enrichment of CLIP tags against SMInput, specifically for those mapped in the 13 sense direction of piRNA-targeted TEs ( Figures 6C and 6D) . We compared the 14 expression level of TEs under Piwi-, Panx-, and Nxf2-KD, and also sequenced piRNA 15 reads from Piwi-immunoprecipitant ( Figure 6E ). This revealed that TEs with enriched 16 myc-Nxf2 and Piwi CLIP tags were de-silenced upon the depletion of Piwi, Panx, or 17
Nxf2, and they were also targeted by piRNAs. A density plot of myc-Nxf2 and Piwi 18 CLIP tags, along with piRNA reads, showed that myc-Nxf2 and Piwi CLIP tags had 19 similar distributions, while piRNAs that can target wider regions of TEs were produced 20 ( Figure 6F ). This indicates the possibility that specific piRNAs can silence certain 21 transposons more efficiently than others. Since CLIP peaks tend to be detected on LTR Our analysis revealed that PPNP complex plays a key role in co-transcriptional 23 silencing in the Piwi-piRNA pathway by inducing multi-step transcriptional regulation( Figure S6H ). Nxf2 is the core factor of this complex, and our results suggest that the 1 nuclear export factor variant has been co-opted to repress TEs in the Piwi-piRNA 2 pathway. We speculate that the co-option of Nxf2 into TE silencing is not coincidental 3 but may reflect previous TE adaptation to exploit cellular mRNA transport pathways 4 promoting the export of TE transcripts and replication/transposition (Checkley et al., 5 2013). Why is it necessary for Piwi to use the RNA binding activity of Nxf2 to silence 6 their targets? Piwi, as a member of the Argonaute family, is thought to search for targets 7 through random interactions between Piwi-piRNA and transcripts in the ocean of the 8 transcriptome, many of which likely show partial complementarity with Piwi-loaded 9 piRNAs (Klein et al., 2017). To distinguish "scanning Piwi" and "target-engaged Piwi," 10 the silencing pathway may need an engaged-in system to repress only targets and avoid 11 unnecessary silencing of other cellular transcripts. It is possible that Nxf2 plays a role in 12 supporting the association of Piwi that has found its bona fide targets ( Figure S7P) . 13
Panx preferentially associates with Piwi, which loads piRNAs targeting TEs (Sienski et 14 al., 2015), suggesting that there may be a system for Panx-Nxf2 to form the PPNP 15 complex, specifically with Piwi that is engaged with its target TEs. Our CLIP analysis 16
shows that Nxf2 cannot associate with target TEs without the activity of Piwi (Figure 6 ), 17
indicating that the Panx-Nxf2-p15 complex itself does not recognize target transcripts, 18 but rather recognizes target-engaged Piwi. In line with this, while piRNA-targeted Piwi 19 can repress the reporter gene ( Figure S3 ), λN-tethered Piwi cannot (Figure 3 ). This may 20 be due to the Panx-Nxf2-p15 complex recognizing only piRNA-directed target-engaged 21
Piwi, but not scanning or λN-tethered Piwi (Figures S7P and S7Q) . Further studies will 22 be necessary to elucidate the precise mechanism by which the Panx-Nxf2-p15 complex 23 selectively recognizes only the "target-engaged Piwi" and forms a PPNP complex toinduce silencing of its targets. 1 2
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